INTRODUCTION
Members of the Lyssavirus genus are neurotropic viruses capable of eliciting clinical rabies in a wide range of mammalian species (Tordo et al., 1998) . The 12-kb nonsegmented negative-sense RNA strand comprising the lyssavirus genome is divided into five coding regions: N, P (formerly M1 or NS), M (formerly M2), G, and L (Tordo, 1996) . From antigenic and phylogenetic perspectives, both the N and the G genes have been extensively studied. Panels of monoclonal antibodies directed against the nucleoprotein and glycoprotein products of these genes facilitate discrimination of strains circulating in geographically restricted host reservoirs (Rupprecht et al., 1991) . Phylogenetic analysis of the lyssavirus N gene divided the genus into six genotypes (GTs): 1, rabies virus (RABV); 2, Lagos bat virus (LBV); 3, Mokola virus (MOKV); 4, Duvenhage virus (DUVV); 5 and 6, European bat lyssavirus (EBLV) groups 1 and 2, respectively (Bourhy et al., 1993) . This classification is in good agreement with the serological distinctions between some of these viruses (Schneider et al., 1973; King et al., 1990) . A seventh genotype comprising Australian bat lyssaviruses (ABLV) has been proposed (Gould et al., 1998) . More recently examination of the G gene and encoded glycoprotein identified distinct immunogenic and pathogenic properties which divided the genus into two phylogroups, comprising GTs 1, 4-7, and GTs 2, 3, respectively . Additional genetic studies on GT 1 RABVs at these two loci have provided significant insight into the history and evolution of this viral lineage (Smith et al., 1992; Kissi et al., 1995; Ravkov et al., 1995; Von Teichman et al., 1995; Bourhy et al., 1999; Nadin-Davis et al., 2001) .
In contrast, the lyssavirus P locus has been genetically characterised for only a few laboratory (Tordo et al., 1986; Poch et al., 1988; Conzelmann et al., 1990; Larson and Wunner, 1990 ) and wild-type RABV strains (Nadin-Davis et al., 1997) , an ABLV isolate (Gould et al., 1998 ) and a single GT 3 Mokola virus (Bourhy et al., 1993) , although the function of the encoded phosphoprotein has been extensively investigated using some of these viruses. Through interactions with viral L and N proteins, the lyssavirus P protein is presumed to function as a transcriptional cofactor by analogy to the prototypic rhabdovirus P protein of vesicular stomatitis virus (VSV) (see Banerjee and Barik, 1992; Das et al., 1996) . At least two distinct RABV P protein domains, one located within the N-terminal half of the protein and the other within 50 residues of the C-terminus, confer N protein binding activity (Chenik et al., 1994; Fu et al., 1994) , while the first 19 N-terminal residues of P confer L protein binding (Chenik et al., 1998) . Phosphorylation of the RABV P protein (Tuffereau et al., 1985) may be an important modulator of protein function and the interconversion of distinct phosphorylated forms of RABV P has been documented (Takamatsu et al., 1998) . Five serine residues of the challenge virus standard (CVS) strain, identified as phosphate acceptor sites, were targeted by two groups of cellular kinases; specific isomers of protein kinase C (PKC) were responsible for phosphate addition at positions 162, 210, and 271, while a unique cellular enzyme, RABV protein kinase (RVPK), targeted residues 63 and 64 (Gupta et al., 2000) . Thus the RABV P protein may be the target of a two-step phosphorylation process catalysed by two distinct kinases in a manner akin to that of VSV P (Gupta et al., 2000) . The P protein also forms homooligomers through sequence contained within residues 52-189 ) in a phosphorylation-independent process (Gigant et al., 2000) . In addition, the RABV P mRNA (CVS strain) can be translated into a series of five C-terminal colinear forms by initiation at internal in-frame met codons (Chenik et al., 1995) , but the functional significance of these truncated products is unknown. The specific binding of the P protein, of both RABV and MOKV isolates, with a host cell protein, the cytoplasmic dynein light chain LC8, has been reported (Raux et al., 2000; Jacob et al., 2000) . Residues contained within amino acids 139-151 of the RABV PV strain P protein and those of a closely related sequence of Mokola virus direct this association (Raux et al., 2000; Jacob et al., 2000; Poisson et al., 2001) .
Since all functional studies on the lyssavirus P protein have been performed using a limited number of laboratory strains, the extent to which these findings can be applied to lyssavirus field isolates is unclear. Moreover, a similarity comparison of the genomes of two divergent lyssaviruses, the RABV PV strain and a Mokola isolate, indicated that the central region of the P gene was one of the most divergent coding portions of the genome; only a section of the G gene that encodes the transmembrane and intracytoplasmic domains of the glycoprotein was more divergent (Le Mercier et al., 1997) . The reason for this divergence within the P gene and its encoded product is unknown; it may reflect limited functional constraints operating on this region of the protein or alternatively viral adaptation to specific virus:host relationships.
To explore these possibilities, this article describes the first detailed genetic characterisation of the lyssavirus P locus. These data have allowed for (i) the most comprehensive phylogenetic assessment of this genus to date; (ii) deduction of the primary sequence of the lyssavirus P protein, thereby facilitating examination of the detailed structural organisation of this product and the extent to which sequence motifs and residues, thought to be functionally important in laboratory strains, are conserved in field isolates; (iii) reassessment of the coding potential of this gene. While the P locus of several members of the order Mononegavirales directs the production of additional products in alternate reading frames, e.g., the C and CЈ proteins of vesicular stomatitis virus serotypes New Jersey (Spiropoulou and Nichol, 1993) and Indiana , such proteins have not been identified in any lyssavirus. The genetic data set generated by these studies permitted a thorough examination of the potential of the lyssavirus P gene to encode proteins equivalent to the VSV C products; the evolutionary implications of these findings are considered.
RESULTS

P gene sequences
As expected, nucleotide sequencing of the P gene of all lyssavirus isolates (see Table 1 ) revealed an open reading frame (ORF) equivalent to that of the P (initially the NS) ORF of the RABV PV laboratory strain (Tordo et al., 1986) . In addition portions of noncoding sequences flanking the P gene ORF were obtained for most isolates. These regions were less conserved than the coding regions except for the sequences presumed to signal transcriptional start and stop functions. For all lyssaviruses examined, the N gene terminated with the eight base (positive-sense cDNA) sequence 5Ј-GA 7 -3Ј followed immediately by an intergenic sequence, the dinucleotide -CT-for all rabies, ABLV, and EBLV viruses studied, or a trinucleotide, -CTC-or -CWT-, for other lyssaviruses. The consensus lyssavirus P gene transcriptional start sequence was 5Ј-AACAYYHCT-3Ј with the sequence 5Ј-AACACCCCT-3Ј appearing most frequently in RABV isolates. These sequences are in excellent agreement with the consensus sequences described previously for rabies and Mokola viruses (Bourhy et al., 1993) .
Starting at the P gene initiation codon as base no. 1 and using 935 bp of sequence of the RABV PV strain as a reference, an alignment of all nucleotide sequences was generated. All RABV sequences were aligned without the introduction of any gaps except for two isolates of dog origin, V466.DG and C1.DG, for which a single insertion and deletion relative to PV was observed between PV residues 208 and 218 and 218 and 224, respectively. Inclusion of isolates of other genotypes in the alignment required the introduction of a total of 20 gaps within the PV sequence resulting in the generation of a 955 base alignment. From these data, intragenotypic nucleotide (nt) similarity values of Ն73.5% were indicated while intergenotypic similarity values between RABVs and viruses of other genotypes ranged from 65.9% (ABLVs) down to 56% (MOKVs). Base substitutions were not randomly distributed throughout the sequence but were 
Phylogenetic analysis
Phylogenetic analysis was performed on the P gene sequence alignment using a NJ algorithm (see Materials and Methods). Consistent with their prior serogenotypic designation, the resulting dendrogram ( Fig. 1 ) divided this collection of lyssaviruses into seven major groups corresponding to MOKV, LBV, DUVV, and EBLV-1 (the latter two forming distinct arms of a single lineage), EBLV-2, ABLV, and RABV. Despite the small sampling of all nonrabies lyssaviruses, substantial distances between members of several of these clades are evident, especially for GTs 2 and 3. The eight isolates of GT 3 were divided into three distinct branches comprising a group of five isolates from South Africa, one isolate (V020) from Nigeria, and one isolate (V628) from Zimbabwe, this latter being the most closely related to the sequence assigned as outgroup, MOK3, also originating from Zimbabwe. The geographical localisation observed for these GT 3 isolates is consistent with findings made from partial N gene sequencing (Nel et al., 2000) and antigenic comparisons of several Mokola viruses (Bingham et al., 2001) . Of additional note is the inclusion in this analysis of five ABLV specimens, a lyssavirus lineage known only since 1996 (Fraser et al., 1996) . Four of these viruses, which were recovered from flying fox (Pteropid) species, formed a highly conserved group (99% nt similarity), while the fifth, which was recovered from a human case of rabies, was very distinct (82.8% nt similarity to other ABLV isolates) and believed to be representative of viruses harbored by insectivorous bats of the region (Hooper et al., 1997) . This analysis, which clearly defines the ABLV group as a lineage distinct from the RABV clade with high confidence (bootstrap value (BT) of 100%), strongly supports the classification of these viruses as a seventh lyssavirus genotype. It should be noted however that antigenically the ABLVs exhibit extensive similarity to members of GT 1 (A. I. Wandeler, unpublished data; Hooper et al., 1997; Gould et al., 1998) . The genetic distance observed between the two branches of the ABLV lineage and the apparent segregation of these viral populations to two distinct host reservoirs is consistent with an extensive evolution of this lineage and the association of these viruses with Australasian bat populations over a considerable period of time.
The GT 1 RABVs were clearly segregated between two groups: 1-1 (BT ϭ 89.9), which contained the majority of rabies strains of terrestrial hosts, especially canids, with a broad global distribution, and Group 1-2 (BT ϭ 95.7), which constituted certain strains of the American continent. Further subdivision of isolates into distinct strains according to the host species reservoir and geographical distribution was evident (see Fig. 1 ). All strains were supported with high bootstrap values and, with few exceptions, all members exhibited genetic distance values of Յ0.08, while interstrain distances were Ͼ0.08. Group 1-1 viruses were subdivided into the following strains (BT values in parentheses): ASIA:CD 1 (100), from Sri Lankan/Indian dogs; AFRICA:CD 2 (100), from Nigerian dogs; ARCTIC (100), from temperate to arctic regions with strong indications of further subdivision into Asian dog (99.1); and North American fox (ONT and ARC isolates) (100) variants and a single outlying member, RU9.RD, from a raccoon dog in Russia, possibly representative of a Northern European variant; AFRICA 3 (100), African isolates of herpestid and viverrid (mongoose, genet, and civet) origin which, despite exhibiting high genetic variation (distance of 0.14) between members, could be only partially resolved with confidence into smaller subsets (V046.MG, V039.GT, V055, V619, and V050.MG formed an Note. For all GT 1 rabies specimens the presumed host reservoir for the strain, where known, is indicated by the suffix in the isolate number as follows: AFX, arctic fox; BBB, big brown bat; BFX, bat-eared fox; CD, canid; CV, civet; DG, dog; FTB, free-tailed bat; GFX, grey fox; GT, genet; HB, hoary bat; IB, insectivorous bat (species undetermined); LBB, little brown bat; MG, mongoose; MYO, Myotis sp.; RAC, raccoon; RB, red bat; RD, raccoon dog; RFX, red fox; SC, suricate; SHB, silver-haired bat; SK, skunk; VB, vampire bat. In most instances, apart from vampire bat isolates, specimens were taken directly from their host reservoir. For other lyssaviruses the viral genotype (G2-4) or biotype (ABLV, EBLV1/2) is indicated in the suffix.
a Sequences obtained from previous studies are referenced; -indicates that sequence was determined in this study.
FIG. 1.
Dendrogram of the predicted phylogenetic relationships between 128 lyssavirus isolates (see Table 1 ) based on a NJ analysis of P gene nucleotide sequences. Numbers indicate the times, expressed as a percentage, that the branch to the right was supported in the consensus tree. RABV GT groupings (1-1, 1-2) and subgroups, as detailed in the text, are indicated to the right of the tree. Clade names were developed according to continent of origin and species of host reservoir as follows: CD, canid; HP, herpestid species (mongoose); IB, insectivorous bat; MP, Mephitidae (skunks); RAC, raccoon; VB, vampire bat. The horizontal line at left indicates the nucleotide distance scale.
internal clade with a BT value of 99.1); VACCINE 2 (100), a diverse collection of isolates including two laboratory strains (CVS, V015) and specimens from China (C1.DG), Nigeria (V463.DG, V466.DG), and Texas (V224.GFX); AMERICA:CD 1 (100), three specimens (FT2891.DG, V217.CO, and V213.SK) representative of the strain responsible for an outbreak of dog/coyote rabies in the Texas/Mexico border area together with a Mexican dog isolate (M29.DG); AMERICA:CD 2 (96.6), two isolates (B1.DG and P1.DG) of South American dog rabies; VAC-CINE 1 (100), two laboratory-adapted strains, PV and SAD B19 ; AMERICA:HP/MP 1 (99.1), specimens from skunks of the Northern U.S. and Canada (KY2877.DG, 867WC.SK, 1741WC.SK), and a mongoose isolate of Puerto Rico (90002.MG); EUROPE/MIDDLE EAST (99.3), several European and Middle Eastern fox specimens and an Iranian dog isolate (IR5.DG); AFRICA:CD 1 (94.2), a large group of African isolates from a variety of canid species which tended to segregate according to a north (a, 78.4)/south (b, 100) continental divide, respectively. Two isolates (V001.DG from Peru and IR14.DG from Iran) clearly clustered within Group 1-1, but did not otherwise associate with other viral subgroups to any degree of confidence; further analysis of additional specimens from these countries would more clearly define their phylogenetic relationships.
Clade 1-2 (BT values in parentheses) includes two strains of terrestrial hosts: AMERICA:MP 2 (100), a skunk strain of the southwestern USA; AMERICA:RAC 1 (100), the raccoon rabies strain which was first identified in Florida in the mid-1940s and which subsequently spread to Virginia in the 1970s (Winkler and Jenkins, 1991) , and, as the mid-Atlantic variant, throughout the entire eastern seaboard of the U.S. and recently into Ontario, Canada . In addition, all chiropteran specimens of American origin cluster in Group 1-2 and these segregate according to their respective bat hosts as follows: AMERICA:IB 1 (100), those of several Myotis species of N. America; AMERICA:IB 2 (99.0) and AMERICA: IB 3 (100), two separate clades of viruses from the big brown bat (Eptesicus fuscus) in N. America, AMERICA:IB 4 (100), isolates from S. American insectivorous bats; AMERICA:VB 1 (100), viruses of vampire bats (Desmodus rotundus) from Latin America which are closely related (100) to a single specimen antigenically representative of viruses circulating in the free-tailed bat (Tadarida brasiliensis) in Texas (AMERICA:IB 5) and probably in other parts of the Americas; AMERICA:IB 6 (100), viruses isolated in N. America from migratory species of Lasiurus (hoary and red bats); AMERICA:IB 7 (99.8), viruses of N. American specimens of Lasionycteris noctivagans (silver-haired bat). It is notable that despite the wide geographical area represented by the vampire bat isolates in this study, all of these samples grouped as a single clade within a portion of the tree representing multiple distinct insectivorous bat strains. This branching pattern may suggest that the vampire bat strain, which continues to cause significant economic losses due to livestock deaths and human rabies cases (Baer, 1975) , emerged from an insectivorous bat strain, perhaps that of the free-tailed bat or some other common progenitor. The association of distinct RABV strains with specific bat hosts has already been described Nadin-Davis et al., 2001) and although the distinctive nature of several American strains was suggested previously (Smith et al., 1992 Ravkov et al., 1995) , this study achieves a more complete global perspective.
Such molecular analyses as presented here provide the framework for identification of the source of infections of specific rabies cases in nonreservoir hosts. For example, spillover from the viverrid/herpestid reservoir of southern Africa was clearly responsible for the human case in Botswana (V055) and the bovine case in S. Africa (V619). In contrast, a canid strain infected the bovine in Tanzania (V668) and a strain of canid origin also appears to be responsible for rabies in the kudu specimen in Namibia (V243).
Phosphoprotein length and identity
The primary sequences of all 128 lyssavirus P proteins were deduced from the nucleotide sequence data. Most RABV strains encoded a 297 amino acid P protein identical in length to that of the PV reference strain. However, isolates NY.RAC and FL.RAC (AMERICA:RAC 1) encoded a 301 amino acid product due to a four-residue C-terminal extension, while all three isolates (I15, V113, V118) of strain ASIA:CD1 encoded a protein of 296 residues due to the presence of a missense mutation immediately prior to the normal stop codon. Other lyssaviruses encoded P proteins of 305 (GT2), 303 (GT3), 298 (GTs 4 and 5), and 297 residues (GTs 6 and 7). Intragenotypic identity of these proteins was at least 79.3% and within GT 1, proteins of isolates clustering within a particular clade were generally Ն90% identical. At the intergenotypic level, the RABV P protein exhibited identity values ranging from 69.7% (ABLV) down to 45.5% (MOKV).
P protein composition and organisation
For a comprehensive comparison, an alignment that included all P protein sequences was generated and used for the following analyses. However, for illustrative purposes only representative lyssavirus sequences, together with that of VSV Ind P, are shown in Fig. 2 . Clearly, the extent of primary sequence homology varies widely along the length of the lyssavirus P protein. Two very conserved domains, comprising positions 1-50 (CD1) and 201-245 (CD2), respectively, and two highly variable domains, between positions 61 and 80 (VD1) and 134 and 180 (VD2), were identified.
All P proteins contain a high proportion of both acidic and serine residues. Aspartic and glutamic acid residues together constituted 15.5-16.5% of the RABV, ABLV, EBLV, and DUVV proteins, while this value rose to Ͼ17% for the LBV P protein and to about 19% for MOKV P, a factor contributing to the low calculated pI value (range of 4.6-5.00) of these proteins. Acidic residues were absolutely conserved at 15 positions in all lyssavirus proteins (see Fig. 2 ) and in many other positions for the majority of isolates; of note is the cluster in the N-terminal region between positions 17 and 26 and the two pairs at positions 126-7 and 296-7. However, acidic residues were universally most prevalent within positions 51-90, where they accounted for 25-37.5% of all amino acids in this segment of the protein.
Serine and threonine content ranged between 9 and 11 and 2 and 5%, respectively, but was particularly high within positions 61-80 and again between residues 120 and 180. Ser/Thr residues were either highly or absolutely conserved at positions 113, 122, 130, 167, 192, and 201 , while Ser was absolutely conserved at positions 214, 216, 223, 225, and/or 226 and 278 . Notably two of these positions (216 and 278 in the alignment) correspond to Ser 210 and Ser 271 of the rabies virus CVS strain P protein, residues which act as phosphate acceptors for PKC (Gupta et al., 2000) . Ser is retained within a PKC consensus sequence (S/TXR/K) at these two positions in all lyssaviruses studied. The third PKC target amino acid, Ser 162 of the CVS strain (position 167 of the alignment), was retained in all but two RABV isolates (I19.DG and V458.DG, which both contained ser at position 166) but not in viruses of other GTs. One or more Ser residues were conserved in neighbouring sequence (see positions 151-170) in all isolates, although few seemed to be contained within the context of a PKC target sequence. Interestingly the Ser residues reported by Gupta et al. (2000) to be targeted by RVPK (Ser 63 and Ser 64 of CVS equivalent to positions 66 and 67 of the alignment) reside in a very divergent domain and were not highly conserved. Indeed Ser was present in many RABV strains at one of these positions only and in some isolates, e.g., those of SSK and certain insectivorous bats of the Americas (data not shown), Ser was not retained at either position. Ser was present at positions 49, 78, and 80 in these strains and in other GTs at positions 49, 68, and 62 or 69 (ABLVs), 54 (EBLV2), 74 (EBLV1), 67 (DUVV), 65 or 66 (LBV), and 65 (MOKV). Since the nature of the RVPK target sequence is unknown, it is unclear whether any of these alternate residues could act as phosphate acceptors. All P proteins also contained a relatively high leucine content (approx. 15%) within the C-terminal 50 amino acids.
Limited conservation of internal met residues
Since it has been shown that the rabies CVS strain can direct the synthesis of four N-terminally truncated P proteins due to translational initiation at internal Met codons 20, 53, 69, and 83 (Chenik et al., 1995) , the conservation of these Met residues throughout the genus was examined. Note that the alignment positions of these residues are 20, 54, 72, and 86 (see Fig. 2 ). Only Met 20 was conserved in all lyssavirus P proteins, while Met 53 was maintained in all RABVs except for two Nepalese isolates V123.DG and V124.DG (data not shown) and all isolates from silver-haired, hoary, and red bats of N. America. Met 53 was conserved in only a limited number of the proteins encoded by other lyssaviruses (V286.EBLV2, V006.G2, and all GT 3 isolates), although both G2 viruses encoded methionine at position 59. About one-half of the RABVs examined and only GT 4 lyssaviruses retained Met 69 . Met 83 was retained in all RABVs, except for two unrelated isolates, 1741WC.SK and V078.BBB, and was present in ABLV/EBLV specimens but not isolates of other genotypes. In addition all ABLV specimens encoded Met 77 .
Conservation of two functionally significant sequence motifs
The binding site for the cytoplasmic light chain of dynein, LC8, has recently been reported to reside in P protein residues 139-151 (NЈ-RSSEDKSTQTTGR-CЈ) of the PV strain of RABV with the D 143 and Q 147 residues being critical to this interaction (Poisson et al., 2001) . A corresponding sequence of Mokola virus (NЈ-SGERDTK-SIQIQT-CЈ) is also believed to perform this function (Jacob et al., 2000) . Recently Lo et al. (2001) reported that the sequence (K/R)XTQT represents a conserved LC8 binding motif. Despite its location within region VD2, the motif DKXTQT is strongly conserved within all isolates of GTs 1, 4, 5 and 6, except for some members of clade AMERICA:IB 7, which contain the sequence DKXIQT, and isolate V235.FTB, which contains DQXIQT, while GTs 2 and 7 retain the sequence (N/S)KXTQT (see positions 144-149 of the alignment). Collectively GT 3 isolates contained a slightly different motif (L/T)KS(I/V)QIQT in this same region of the protein. Most notably the Cterminal QT residues are absolutely conserved throughout the genus, an observation strongly suggesting their functional importance for LC8 association. Another sequence motif, the short lysine-rich segment FSKKYKF (alignment positions 215-221) thought to be an important component of the C-terminal N protein binding domain of P , is also highly conserved in all lyssaviruses.
Host-specific P protein variation
The relatively high divergence of portions of the P protein in comparison to most other lyssaviral proteins fuels speculation that this protein might contain important host-specific determinants. To explore this possibility the complete lyssavirus P protein alignment was vi-
FIG. 2.
Comparison of the predicted P protein sequences of 33 representative lyssaviruses, detailed as in Table 1 , and VSV (Indiana serotype). Only differences from the PV sequence are indicated; dots represent identity at that position and dashes represent gaps introduced to improve alignment. ƒ indicates conserved acidic residues; marks positions with conserved ser/thr residues. The positions of the four methionines used for internal translation initiation in the CVS strain are underlined. * indicates each tenth position.
sually examined for residues which segregated according to host reservoir species. Of particular value in this analysis were RABV strains of distinct evolutionary lineages which circulate in hosts of the same species, e.g., those of N. American skunks (lineages AMERICA MP1,2) and many strains of dog origin (various ASIAN, AFRICAN, and AMERICAN lineages). However, no host-specific amino acid residues were evident from this analysis; instead, certain amino acid replacements, especially those within the highly conserved N-terminal domain, appeared to reflect the phylogenetic relationships of the isolates. For example, Ala 29 is present in all isolates segregating to the RABV subgroup 1-2 but in no other isolate. Asp 43 is present only within several subgroups of American bat rabies viruses; Met 15 is exclusive to all GT7 isolates.
In light of recent suggestions that members of the order Chiroptera were the initial hosts for all lyssavirus progenitors and that the emergence of lyssaviruses capable of persisting in hosts of the order Carnivora represented a significant evolutionary adaptation ), the extent of higher order structure variations between the P proteins of strains circulating in carnivores and chiropteran hosts was examined closely. Hydropathic plots, generated for several representative P proteins, exhibited similar profiles over most of the protein's length (data not shown). Noteworthy features included the region bound by residues 63-85 which has a high surface probability and the neighbouring relatively hydrophobic segment (residues 86-126). In addition all lyssavirus P proteins bore a very hydrophobic segment between amino acids 250 and 266. Greatest variation between these proteins was observed within the central region (residues 126-167) for which all sequences derived from rabies isolates of carnivores contained a region of very high surface probability. In all rabies isolates from chiroptera, as well as in all nonrabies lyssaviruses (GTs 2-7), this hydrophilic region was either much shorter or exhibited hydropathic values suggestive of significantly less surface probability.
Mutational trends along the P gene ORF
To explore whether selective forces might be operating differentially along the ORF for different RABV strains, the proportion of synonymous (S) to nonsynonymous (N) nucleotide substitutions was examined. Using the aligned RABV data with the PV strain as reference, 71.6% of all substitutions were synonymous with 94.4% of these due to third base changes; first, second, and third base changes accounted for 49.1, 41.7, and 9.2% of all N substitutions, respectively. Two portions of the gene appeared to be enriched in N mutations: at positions 181-240 (59.3% of all mutations were N) and at positions 481-540 (51% of mutations were N). Corresponding values were difficult to compute for the entire data set due to the gaps in the alignment but isolates of other genotypes appeared to exhibit similar trends.
To further explore differences in mutational trends between viruses of the two RABV subgroups 1-1 and 1-2, isolates representative of most phylogenetic groupings were selected randomly and paired. For each pair, their nucleotide sequences were compared and the dN/dS ratio scored along the length of the P ORF as indicated (see Materials and Methods), giving results as summarised in Fig. 3 . Within Group 1-1, paired samples exhibited genetic distances ranging from 0.112 to 0.207 with a mean value of 0.166. With few exceptions the dN/dS ratio is generally below 0.5 except for sequence windows 121-300 and 361-540; N changes are especially low within the first 60 nucleotides and between residues 541 and 780 (Fig. 3A) . Within Group 1-2, excluding the raccoon and skunk strains, genetic distances between paired samples ranged from 0.124 to 0.189, with a mean value of 0.164, and were thus comparable to the values observed for Group 1-1. However, the overall dN/dS ratios were much higher for Group 1-2, with values Ն 1 observed in a high proportion of comparisons for residues 121-540, and relatively high ratios were also observed at the 3Ј-terminus of the ORF (Fig. 3B) . However, in contrast to the apparent plasticity of the central portion of the P gene of these viruses, there was a complete absence of N changes within the 601-720 residue window (Fig. 3B) . Finally, a comparison of the raccoon and south central skunk strains with isolates of both 1-1 and 1-2 groups is shown in Fig. 3C . Due to the high genetic distance of these two terrestrial strains from other rabies viruses, genetic distances between paired samples were higher (range of 0.200-0.290, mean value of 0.238); a pattern of dN/dS ratios intermediate between those of the other two groups was apparent.
To facilitate a statistical evaluation of these apparent differences in dN/dS ratios, especially between rabies viruses of terrestrial and chiropteran origins, sequence data of 32 isolates (see legend to Figs. 3A and 3B) representing 16 isolates each from clades 1-1 and 1-2 were analysed by the yn00 program of phylogenetic analysis by maximum likelihood (PAML) to yield pairwise estimates of the dN/dS ratio for all combinations within each of the two groups. Sequences of three different gene segments were compared in this way and Table 2 provides a summary of the mean Ϯ SD values for this ratio for both viral groups. Particularly for the complete gene and the central region (bases 241-540), mean values differed appreciably between the two sets of viruses. An analysis of variance (ANOVA) of the data for each gene segment yielded probability (P) values Ͻ 0.001 in each case, thereby supporting the conclusion that differences in these substitution patterns between viruses of these two groups are highly significant. 
Coding potential of the P gene in alternate reading frames
The nucleotide sequences generated by this study permitted an exhaustive analysis of the capacity of the P gene to encode additional products in alternate reading frames as has been observed for several members of the order Mononegavirales. As summarised in Table 3 , many, but not all, GT 1 isolates contained an ORF in the ϩ1 reading frame relative to the P ORF starting at base 383 of the P coding region. This alternate ORF was 207 or 306 bp long in most cases, though other lengths were found in a few specimens. Strikingly, the preservation of this ORF was highly correlated with the isolate's phylogenetic grouping; thus in the 1-2 group, only three of all the characterised American bat viruses retained the longest ORF, a few retained some smaller ORFs, and the rest, including all the terrestrial isolates, contained no reading frame of significant length (Ͻ100 bp). Of the 71 members of the 1-1 cluster, all retained an ORF of 69 or 102 codons except for five specimens (V461.DG, V464.DG, RU7.RFX, IR5.DG, and V001.DG), in which the ORF was lost, usually through a single base substitution, while a sixth isolate (V264.MG) retained an ORF of just 41 codons. Examination of the sequences of the other GTs identified short ORFs in certain groups only. For example, there was a 132-bp ORF in both EBLV-1 isolates and a 168-bp ORF in the group of four closely related ABLV isolates but no ORF of significant length was retained in any other viral isolate.
The potential products encoded by the ORFs identified in most Group 1-1 RABVs would contain about 20% basic amino acids with estimated pI values of around 12.5; in addition they would have a high leucine and proline content. In terms of size and composition these products would resemble the small, highly basic nonstructural C and CЈ proteins encoded by the VSV P gene (Spiropoulou and Nichol, 1993; Peluso et al., 1996) , although there would be no primary sequence similarity between the RABV and VSV proteins.
Evidence for the selective retention of VSV C protein ORFs included a demonstration that mutation rates of the third base position of the P ORF, corresponding to the second base position of the C ORF, were lower than expected over the region of ORF overlap (Bilsel et al., 1990) . Since the alternate ORF identified in the lyssavirus P gene was in the same relative position as that of the VSV C ORF, analyses of base substitution patterns were performed to investigate whether this ORF was being selectively retained by RABVs. The P gene was divided into three segments corresponding to positions 1-360, 361-720, and 721-914; the sequences contributing to the alternate ORF were all contained within the second segment. Using the nucleotide sequence alignment for all GT 1 viruses, a 2 test was performed to test the hypothesis that first, second, and third base changes (relative to the P ORF) within each of these segments exhibited unbiased distribution patterns, i.e., occurred in similar proportions within each segment. A 2 value of 61.6 (P Ͻ 0.01) strongly indicated rejection of this hypothesis. However, the deviation from the expected values was not due to a reduction in third base mutation in the second segment but due predominantly to unexpectedly high second base changes particularly in the first gene segment, which includes the hypervariable region (bp 51-80). Similar findings were observed when this analysis was performed on Group 1-1 RABVs only. Thus, this analysis provided no support for the selective retention of the alternate ORF in Group 1-1 RABVs.
DISCUSSION
Lyssavirus phylogeny
Since the lyssavirus genome is generally recognised to lack natural recombination capability, it is possible to directly compare phylogenetic trees generated using distinct genomic regions. Thus, for example, it is apparent that the clade defined by two Nigerian dog isolates, V461.DG and V464.DG, corresponds to the group AFRICA 2 shown to circulate throughout western Africa previously (Kissi et al., 1995) . However, the previous lack of coherency in rabies virus clade nomenclature (cf. Smith et al., 1992; Kissi et al., 1995; Ito et al., 1999) can be confusing and this study therefore proposes a comprehensive system, as illustrated in Fig. 1 , which extends upon that originally developed by Kissi et al. (1995) . Phylogenetic groups, identified according to limited intragroup genetic distance and the strong likelihood of their monophyletic nature, are labeled according to continent of origin and the primary host reservoir species; such a system may provide a useful reference for subsequent studies on rabies phylogeny. However, additional rabies virus groups circulating in several Asian countries, and which are not represented in this study due to their limited availability, have been described (Smith et al., 1992; Ito et al., 1999) and deserve additional characterisation to further extend this classification. The lyssavirus phylogeny presented here extends prior knowledge in this area (Smith et al., 1992; Kissi et al., 1995; ) in two respects. First, the placement of the ABLV class as a distinct genotype (GT7) is confirmed, a suggestion first proposed by Gould et al. (1998) without the benefit of extensive genetic comparisons between the ABLVs and other GT 1 rabies viruses of chiropteran origin. Second, GT1 viruses are clearly divided into two subgroups, one of which (1-2) appears exclusively in the American continent and circulates predominantly in chiropteran hosts, while the other subgroup (1-1) is globally distributed in canid populations and includes the cosmopolitan lineage, composed of both American (VACCINE 1,2, AMERICA:CD 1,2, and AMERICA:HP/MP 1) and Old World clades (EUROPE/ MIDDLE-EAST and AFRICA:CD 1), that may have been (Smith et al., 1992; Kissi et al., 1995) . These observations underscore the apparently unique position of the Americas where two quite distinct RABV lineages, persisting in mammalian hosts adapted to either terrestrial or aerial lifestyles, cocirculate. Thus the situation reported by Ito et al. (2001) in Brazil where distinct dog and vampire bat strains coexist is a common phenomenon. Our data are consistent with a recent proposal that Chiroptera comprise the original lyssavirus hosts and that the evolution of carnivoran-adapted strains followed spillover events from bats to terrestrial species . Of the two terrestrial strains clustering within the 1-2 subgroup, the raccoon strain is notable as having been recorded only since the late 1940s (Winkler and Jenkins, 1991) and is remarkable for its limited genetic variation over a geographically large area (S. Nadin-Davis, unpublished data). These observations suggest the relatively recent emergence of this strain, perhaps within this century, as a result of spillover from an as yet unidentified bat rabies reservoir.
Structural organisation of the phosphoprotein
Despite the lack of any significant primary sequence homology of the lyssavirus P protein to VSV P (see Fig. 2 ), functional studies suggest that these products share a modular design and many common structural features that may be universally adopted by members of the Rhabdoviridae. The comparative sequence analyses presented in Fig. 2 permitted identification of those structural features retained by most field isolates and which are thus likely to be functionally significant as illustrated in Fig. 4 .
The highly acidic VD1 domain, together with colinear downstream sequence, may be functionally analogous to domain I of VSV P, which is responsible for electrostatic binding to a component of the RNA polymerase complex (Banerjee and Barik, 1992) . The need to retain overall negative charge rather than primary sequence would explain the region's high level of diversity. Similarly the poorly conserved VD2 might function as a spacer/hinge segment analogous to the hinge region of VSV P located between two functionally important domains (Banerjee and Barik, 1992) . Indeed, epitope mapping studies of several anti-RABV P monoclonal antibodies raised against the ARCTIC strain have demonstrated the accessibility and immunogenicity of an exquisitely strain-specific antigenic site (AS II) within VD2 (Nadin-Davis et al., 2000) , properties consistent with a surface structure of limited conservation. However, a panel of anti-MOKV P monoclonal antibodies completely lacked representatives of AS II (S. Nadin-Davis, unpublished data). These apparent immunological differences taken together with predicted differences in the hydropathic profiles for residues 126-167 (comprising VD2 and its N-terminal flanking sequence) for these two proteins suggest there are significant structural differences within this region of the lyssavirus P product. One could speculate that differential selective pressures operate on this P gene region due to the need to evolve a host-adapted P protein which allows optimal virus:host interactions for hosts of different lifestyles. The observation of distinct patterns of N/S nucleotide substitutions for RABV strains circulating in either terrestrial or chiropteran hosts is consistent with such a concept.
The CD1 region, which includes the N-terminal 20 amino acids proposed to contribute N protein (Fu et al., 1994) and L protein (Chenik et al., 1998) binding sites, is clearly under substantial structural constraint, a feature which appears to extend to the N-terminal 50 aa segment previously shown to contain an antigenic site (AS I) widely conserved in the Lyssavirus genus (Nadin-Davis et al., 2000) . The functional significance of CD2 is less clearly defined apart from its contribution, via a lysinerich motif, to the strong N-binding activity which also requires the leucine-rich, hydrophobic 50 amino acid segment at the protein's C-terminal (Fu et al., 1994; Chenik et al., 1994; Jacob et al., 2001 ), a region which may be functionally equivalent to domain III of VSV P.
The functional significance of the N-terminally truncated lyssavirus P proteins is unknown and the findings presented here indicate that only the product truncated by the first 19 amino acids could be generated by all members of the genus. This product would lack the proposed L protein binding site and could have an important regulatory role. The limited conservation of the other three Met codons employed for internal translation suggests that they do not direct production of proteins essential for viral viability, although they could provide regulatory functions differentially to viruses of different GTs. Of the five serine phosphoacceptors identified for the CVS RABV strain, two universally retained serines (positions 216 and 278) are very likely to exert important modulatory effects on protein function via their phosphorylation status. Indeed, one of these residues (position 216) is contained within the lysine-rich motif that contributes to strong N protein binding. Another phosphoacceptor site (position 167 within VD2) was also retained in most viruses but there was significant variation in both the retention and the position of the other two residues (CVS Ser 63 and Ser 64 ), located within VD1. Strain variation in P phosphorylation patterns, especially within the N-terminal region, is thus predicted and might form the basis of subtle differences in viral/host interactions. Biochemical analysis of the phosphorylation patterns of additional lyssavirus strains would help explore such potential variation.
Potential for alternate coding functions
Consistent with the concept that the lyssavirus P gene is not bicistronic, no potential C ORF was identified in the P gene of GTs 2, 3, 4 and 6 viruses. However, surprisingly, a large proportion of RABV P genes, particularly of those circulating in terrestrial host reservoirs of the Old World, potentially encode a small (Ͻ10 kDa) highly basic protein remarkably similar in physical properties to that of VSV C. The following observations might argue that these alternate ORFs are unlikely to function as coding regions: (i) variable length and primary sequence of this alternate RABV coding segment, as concluded previously by Poch et al. (1988) upon comparison of such ORFs in two laboratory-adapted RABV strains; indeed percentage identity values for the "C" product were consistently and significantly lower than for the P product, e.g., within the ARCTIC strain respective values for specimens ONT1.RFX vs ARC5.AFX were 91.3 (C)/98.3 (P) and between P1.DG (AMRERICA:CD 2) vs V667.DG (AFRICA:CD 1a) percentage identities were 76.8 (C)/95.0 (P); (ii) the highly acidic nature of the P protein with the consequent frequent use of Glu-encoding codons GAA and GAG in the P ORF would naturally yield the codons AAG (Lys) and AGG (Arg) in the alternate reading frame which is shifted downstream by 1 bp; (iii) absence of evidence for selective retention of the "RABV C ORF" by analysis of base substitution patterns; (iv) lack of a favourable initiation sequence around the initiating codon as defined by Kozak (1989) . However, the VSV C/CЈ proteins also exhibit many of these features. Moreover, if one were to postulate that this ORF is simply a vestige of the C protein ORFs of other members of the Mononegavirales, in the absence of any positive selection its relatively rapid loss might be expected, especially since it occurs within the rather poorly conserved central region of the P gene. Moreover, presence of this C ORF is identified principally in a RABV subgroup that includes isolates of the cosmopolitan lineage believed to have emerged within the last 500 years but not in lineages (GTs 2, 3) which diverged from rabies in the more distant past. An alternative interpretation which appears to be more consistent with the phylogenetic data is that the prototype lyssavirus lacked C coding potential but that during the evolution of these viruses, the emergence of strains with such coding capacity might have facilitated adaptation to new hosts, i.e., Carnivora; such a process might, at least in part, explain the successful spread of the cosmopolitan group of rabies viruses to various host species. In this respect it is noteworthy that Kretzschmar et al. (1996) proposed that the VSV Ind C protein, which is apparently dispensable for viral replication in vitro, may have significant function during natural host infections. The presence and retention of this C ORF within a significant portion of the lyssavirus GT 1 group is a curious observation deserving of further investigation. Studies to investigate the presence of "C protein" in rabies virus-infected cell cultures are ongoing. Alternatively reverse genetic studies could be employed to examine potential functions of this ORF.
MATERIALS AND METHODS
Lyssavirus isolates
Viral material was obtained from original infected brain tissue where feasible or, in some cases, from mouse brain after single passage. In a small number of instances virus was passaged in cell culture and recovered from the culture supernatant. Total RNA was extracted from 100 g brain tissue using TRIzol as recommended (Gibco BRL); viral RNA was recovered from 200 l culture supernatant using TRIzol LS (Gibco BRL) and resuspended in 20 l sterile water. Table 1 lists all 128 lyssavirus isolates included in the study.
P gene amplification
The entire P gene-coding region was amplified by reverse transcriptase-PCR (RT-PCR) performed on 2 g total RNA extracted from infected tissue or 5 l viral RNA prepared from cell culture supernatant. To facilitate RT-PCR amplification of the complete P gene, primers targeting flanking sequences in the N and M genes were designed using the available nucleotide sequences for the rabies PV and Mokola viruses (complete genomes). For other lyssavirus genotypes, additional primers targeting nucleotide sequences predicted from N protein sequences were designed. For successful amplification of all lyssavirus isolates several different primer pair combinations were assessed and one or more were applied to each genotype; a set of universal primers appropriate for this purpose was not identified. Synthesis of cDNA was primed from the viral genomic RNA with the appro-priate positive sense primer in a 20 l reaction containing 50 pmol primer, 1 mM each of 4 dNTPs, 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, and 200 U M-MLV RTase (Gibco BRL). After incubation at 37°C for 2 h, the reaction was heated to 90°C for 5 min and chilled on ice. A 5-l aliquot was used as template for PCR using the Expand High Fidelity PCR system (Roche Molecular Biochemicals) and the appropriate negative-sense primer. Thermal cycling was performed in a Perkin-Elmer Cetus 9600 instrument using the program: 93°C, 2 min, followed by 30 cycles of 93°C, 10 s, 48°C, 30 s, 68°C, 4 min, and concluded by holding at 68°C for 5 min. In some instances PCR product yields were improved by performing a second round of PCR using nested internal primers. Second-round amplification was performed as follows: 1-2 l of first round PCR product was added to a reaction mix of 50 l final volume containing 10 mM Tris-HCl, pH 8.8, 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl 2 , 0.2 mM dNTPs, primers at 0.5 M and 2.5 U Taq DNA polymerase (Gibco BRL). Reactions were cycled under oil in a Perkin-Elmer 480 thermal cycler with the following program: 95°C, 45 s, 50°C, 30 s, 70°C, 30 s. PCR products were purified using a Wizard PCR Preps DNA purification kit (Promega) prior to sequencing.
P gene sequencing and phylogenetic analysis
PCR products were sequenced using either amplification primers or oligonucleotides directed to internal sequence. Primers, labeled with 32 P using T4 polynucleotide kinase and ␥-[
32 P]ATP, were used with a fmol cycle sequencing kit (Promega); a thermocycling profile similar to that used for the second round of nested PCRs was employed. Alignment of nucleic acid sequences was achieved with CLUSTALW (Thompson et al., 1994) and phylogenies based upon the P gene sequence database were derived by neighbor joining (NJ) analysis of 1000 bootstrap replicates of the data using the SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE programs, respectively, of the PHYLIP 3.5 package (Felsenstein, 1993) ; the calculated Ts/Tv ratio of 2.28 (see Results) was employed together with the Kimura 2 parameter matrix in the DNADIST program. Distances were reapplied to the consensus tree using the FITCH program and a graphical output of the final tree obtained using TREEVIEW (Page, 1996) .
Protein predictions
DNA sequence translations were performed by IBI Pustell or DNASIS software. Alignment of protein sequences was achieved with CLUSTALW (Thompson et al., 1994) and presented with the use of the PROTPARS program of PHYLIP (Felsenstein, 1993) . DNASIS was used to predict pI values and to generate hydropathic plots using the algorithm of Kyte and Doolittle.
Examination of synonymous and nonsynonymous base changes
Alignments of both nucleotide and corresponding protein sequences of selected isolates representative of all rabies clades permitted scoring of synonymous (dS) and nonsynonymous (dN) sequence changes in blocks of 60 nucleotides. Absolute values were used to calculate dN/dS ratios which, for paired comparisons, were plotted over the length of the ORF using Microsoft Excel software.
To further explore differences in dN/dS ratios between viruses of terrestrial and chiropteran origins, the yn00 program of the PAML package (Yang, 1997) was employed to estimate dS and dN rates for all combinations of sequences in a pairwise analysis using 16 isolates from each group and data from three different portions of the P gene. Calculated dN/dS values were then compared by standard statistical methods.
